The prediction of squeeze film damping is very significant in designing high Q MEMS devices. In the past, there have been many analytical models studying the squeeze film damping of torsion micro-mirrors. However, the previous models didn't consider the coupling motion of torsion and bending. This paper presents an analytical model for squeeze film damping considering the coupling motion of torsion and bending. In this paper, the modified Reynolds equation is solved by using the double sine series and the pressure distribution in the gap is derived, then the squeeze film damping force and torque applied to the micro-plate are derived. By solving the coupled equations of torsion and bending, the expression of the quality factor of the model is obtained. The accuracy of the present model is verified by comparing its results with the finite element method(FEM) solutions. The limitations and conclusions of the model are presented at the final state.
Introduction
At present, torsion micro-mirrors are widely used in various MEMS devices. The squeeze film damping play an significant role in the dynamic performance of torsion micro-mirrors, it has been investigated extensively. Pan et al [1] derived the Fourier series solution and the double sine series solution by solving a linearized Reynolds equation under the assumption of small displacements. They obtained the expressions of the damping pressure and the damping torque and found the damping pressure and the damping torque depended on the rotation angle and the angular velocity of the micro-plate. Huang et al [2] created a theoretical model of the torsion micro-mirror with the coupling effect between torsion and bending, but they only studied the static characteristics of the torsion micro-miror, especially the pull-in effect. Bao et al [3] modeled the squeeze film damping of torsion micro-mirrors at finite tilting angles. The model by Bao at al [3] was extended by Moeenfard et al [4] to calculate the squeeze film damping of torsion micro-mirrors considering the bending of the supporting micro-beams, but they didn't consider the coupling motion of torsion and bending. However, the micro-mirror is not exited by pure torque and the coupling motion of torsion and bending always exists in torsion micro-mirrors. Tai et al [5] created an analytical model considering the coupling effect between torsion and bending, but they neglected the squeeze film damping. In this paper, studies by Moeenfard et al [4] and Tai et al [5] are extended to model the squeeze film damping of torsion micro-mirrors considering the coupling motion of torsion and bending. The expression of the quality factor of the model is obtained by using the double sine series, then the accuracy of the model is verified through comparison between the results of the present model and the FEM results. The limitations and conclusions of the model are presented at the final state. Fig. 1 is the schematic view of the torsion micro-mirror. The coupled equations are:
Problem formulation
Where m is the mass of the micro-plate,  I is the moment of inertia of the micro-plate, z k is the bending stiffness of the micro-beam,  k is the torsion stiffness of the micro-beam, ) , ,
is the pressure of air under the micro-plate and a p is the ambient pressure.The other parameters of the torsion micro-mirror are presented in Table 1 .
Leads to 
We can assume
At static equilibrium condition, the static equations can be given as [5] : 
we can assume
For
,as 0  and x  are very small
We can assume h z h g    0 0 0 , so Eq. 4 can be simplified into: 
Both sides of the equation multiply
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Eq.12 shows that the squeeze film damping force is a linear function of the vertical velocity of the micro-plate and Eq.13 shows that the squeeze film damping torque is a linear function of the angular velocity of the micro-plate. This is same with the conclusions of [4] . up to first order, substituting them and Eq.12, Eq.13 into Eq.1, the reduced form of Eq.1 is obtained as
In where   T  T  B  B  B   B  A  C  B  A  ,  ,  ,  , and T C [5] are the coefficient generated due to Taylor expansion, the ratio of amplitudes of flexural and torsional vibration can be obtained as
Substituting Eq.15 into Eq.14, leads to
In where R C and I C are the real and imaginary part of
respectively.
Leads to
Validation and Discussions
In this section, the present model is verified through comparison between its results and the FEM results. The FEM solutions are obtained by using FLUID 136 element of ANSYS. Table1 lists the dimensions and parameters of the torsion micro-mirror. Fig.2 , the flow direction of two model is same and the discrepancy of results is very small, the relative error decreases with increasing the gap. Fig.3 is the comparison of the quality factor between the present model and the FEM model under different aspect ratio(Ly/Lx). As is shown in Fig.3 , the flow direction of two model is same and the discrepancy of results is very small, the relative error is almost same with increasing the aspect ratio. 
Conclusions
In this paper, an analytical model is proposed to calculate the squeeze film damping of torsion micro-mirrors considering the coupling motion of torsion and bending. The expression of quality factor is obtained and the accuracy of this model is verified. Through comparison between the present model and the FEM model, we find that the discrepancy is very small, the relative error decreases with increasing the gap. However, when the gap is 2μm, the relative error can be up to 17.19%, so the model need further discussion in the case of the gap is small.
